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p-type NiO device (10%). Short plumes of VOC demonstrated the effect of gas pulse broadening, where longer duration responses (10% greater) were observed at locations further from the VOC source (~ 0.4 m distance variation tested). Finally, the module was tested in a real-world environment, A C C E P T E D M A N U S C R I P T
Introduction
Firefighting is regarded as one of the most hazardous occupations, with workers regularly exposed to dangerous environments, whether tackling fires or responding to other rescue incidents. Mobile exploration robots offer a safer means of investigating disaster zones, allowing human operators to remotely observe an area without endangering the lives of personnel.
We present the development of a high-bandwidth sensor module (electronic nose), for installation on a mobile robot, as shown in Fig. 1 , capable of detecting plumes of VOCs. Plume tracking is of currently a topic of great interest in the field air quality monitoring, where there is great concern of chemicals contributing to air pollution [1] [2] [3] . It has been reported that the spatiotemporal nature of chemical plumes challenges the use of gas sensors that rely on capturing precise samples of a gas [4] .
Semiconductor sensors are often used for plume tracking, although the slow response times of current MOX devices limits the speed at which the robot can travel.
The VOC sensors inside the module aim to detect the types of gases which present a hazard to rescue teams (e.g. those which can be categorised as either explosive or toxic gases). Target VOCs and gases are carbon monoxide (CO), nitrogen dioxide (NO2) and hydrocarbons. The end purpose of the sensor module is to mark the locations of such gases and VOCs on a 2-D map (along with other hazards, such as high temperature regions), obtained from a fusion of the data gathered from the mapping sensors.
In this preliminary study, this mapping principle has been proven by studying the response of three MOX sensors (with coatings of PdPt SnO2, WO3 and NiO) to plumes of 2-propanol with concentrations of let than 2.5 ppm). A wind tunnel is used to simulate the often turbulent and unpredictable air flows often found in disaster environments. The findings from this work will help develop an algorithm used This study will contribute to our overall goal of going beyond the current gold standard exploration robots by providing hazard related data to the end users in an easy-to-read format that can help inform decisions and allow rescue teams to respond accordingly.
Motivation
In the USA, it was reported that out of a workforce of 1.1 million firefighters, eighty thousand injuries are sustained per year [5, 6] . Frequent exposure to the polluted environments found in many rescue operations puts firefighters at a greater risk of contracting health complications, such as various cancers (e.g. melanoma, head and neck), coronary heart disease and long-term respiratory diseases [7] [8] [9] . The nature of the rescue services' work necessitates fast responses and decisions, which is often based on limited information obtained from emergency evacuation plans.
Mobile reconnaissance robots can significantly reduce the risk to human lives, where rescue teams can explore a hazardous area remotely. The current generation of rescue robots have limited capabilities, and are not usually equipped to identify or map locations of hazards. These robots are typically only able to send visual images and limited environmental data back to the user, and are fitted with basic equipment (e.g. thermal cameras, CO2 sensor and thermal sensors) [10] . The gas sensor module presented in this work is being developed to be installed on a mobile robot (Gustav, Taurob, Austria), together with a number of other sensors, for example LIDAR (Light Detection and Ranging), radar and imaging cameras, in order to address some of limitations of currently available rescue robots.
Sensors designed for use in the application of mobile exploration must be robust and resilient to harsh environments. Typical sensors used in air quality monitors are not housed for such conditions and have no protection from high temperatures, falling debris or pollution damage. In the case of a robot for use by fire and rescue services, exposure to high temperature is one of the greatest challenges.
Inside a building, the temperature can reach 600°C close to the ceiling of a room during the occurrence of a flashover [11] . Temperatures at lower levels (within 1 m of the ground) can reach between 200 and 300°C. Fires in multi-storey car parks are considered difficult to tackle and extremely hazardous, where the structures are poorly ventilated and it is challenging to identify the source of the fire [3] .
Background
Nanostructured metal oxide sensors are widely used for gas detection. In an n-type granulated porous film (e.g. SnO2), chemisorbed oxygen species create depletion regions on the grain surfaces. As a reducing gas is introduced, the concentration of free electrons on the surface depletion region increases for n-type semiconductors (i.e. causing a decrease in resistivity). The opposite occurs for a p-type semiconductor (e.g. CuO), i.e. an increase in resistivity when the reducing gas is introduced.
The characterisation of miniature MOX sensors used in this work on a benchtop gas testing rig has previously been reported [12] . It has previously been demonstrated that the novel coatings applied to the sensors used in the module provide excellent sensitivity and good selectivity compared to many commercial devices [13] . It has also been reported that the WO3 coating allows NO2 to be detected in the ppb range, producing stable results over a range of test environments (e.g. low oxygen) [13] .
Here, these sensors are characterised in a custom made wind-tunnel, which generates plumes of VOCs mixed with ambient air. Gas mixtures generated on benchtop rigs are precisely controlled, and enable step changes in gas concentrations (and constant laminar flows). Outside of a laboratory environment, and particularly in exposed outdoor situations, gradual changes in gas concentration are expected, as opposed to step changes.
Air pollution from a point source was first modelled using Gaussian distributions [14] . These first models assumed the plume would broadly travel following the wind direction, with the highest odour concentrations in the centre of the plume, exponentially decreasing away from the wind direction.
Gaussian models were developed, with additional terms added to account for reflections and different mixing heights. However, Gaussian models cannot include any photochemistry, and do not describe
the plumes accurately over longer distances. Lagrangian or Eulerian models are preferred for these needs, although Gaussian models are still used to describe plumes from point sources over short distances [15] .
The tracking of plumes in a wind tunnel using a mobile robot has previously been reported in the literature [16, 17] . Our work significantly improves upon these earlier measurements, which were limited in terms of the slow response times of commercial MOX sensors (> 20 s) or the high cost and unsuitability of the commercial detectors (a photoionization detector, costing > €5000). Fast response sensors are required, to allow the robot to move freely and quickly around an environment. Affordable sensors are preferred for use in harsh safety-critical environments, thus units can be replaced quickly and easily, if any damage is sustained.
The tracking of low concentration VOCs plumes is often not reported, due to the need of sensitive detectors and high-bandwidth responses. Mobile robot tracking (using commercial MOX sensors) has previously been reported with plumes of ethanol and 2-propanol, although plumes were formed from a flow rate of 200 SCCM of each compound, in a laboratory environment (static conditions, air flow speed < 0.03 m/s) [18] .
Mobile robots have also been reported to be able to track ions, with the formation of plumes possible inside a wind tunnel. In the work by Harvey [19] , the difficulties of tracking plumes were stated, including the "patchy" nature of chemical plumes, requiring algorithms to be developed to consider more aspects than simply magnitude of response. We expand upon these previous works and investigate the formation of VOC plumes in a wind tunnel, using custom MOX sensors and low ppm concentrations of VOCs. To the authors' knowledge, there is limited exploration in the literature into the characterisation of VOC plumes and no reports of novel NiO coated MOX devices used for the application of mobile robot gas sensing.
In this work, the performance of three novel MOX semiconductor sensors (2 coated with n-type materials and 1 with p-type material) is investigated in a laboratory setting to ppm levels of VOCs. The
three devices are coated with tin dioxide (SnO2), tungsten trioxide (WO3) and nickel oxide (NiO), respectively, and enable a wide range of VOCs to be detected. An n-type SnO2 coating was selected to offer high sensitivity to CO (formed during combustion) [20] , which is toxic when inhaled, and therefore is a hazard to rescue teams and occupants alike. The SnO2 was doped with 2% Palladium and 0.4% Platinum (percentage by mass) to offer enhanced stability. An n-type WO3 coating was chosen as highly sensitive to NO2 [13] , which was identified as both a toxic and potentially explosive gas. It is used in many production processes, and thus is a potential hazard if a disaster occurs in an industrial zone. A new p-type coating (NiO) was developed to detect ammonia, which is highly toxic.
Ammonia is used in many cleaning agents, and is likely to be a potential hazard in domestic or industrial disaster areas.
The polymer coatings are deposited on top of miniature (1 mm x 1 mm) low-cost CMOS devices, which operate with low power-consumption (< 10 mW) and fast stabilisation times (< 60 s). The sensors expand beyond the commercial gold standard, to offer improved performance needed for their use on a mobile robot, travelling through a disaster zone. Our MOX coatings enable fast response times (< 10 s), good selectivity, and excellent stability.
A custom designed wind tunnel is used to simulate the plumes of gases experienced when the sensor module is sampling the ambient air in a hazardous environment. The wind tunnel is operated using a fan to generate an artificial wind, which creates an air flow speed similar to the wind experienced when the robot is exploring a remote location. Two methods are implemented to analyse the response of the sensors to low concentrations of VOCs. The first method is based on sampling the headspace collected from a container of VOC (stored in liquid form) and the second method is based on injecting the liquid VOCs directly into the tunnel (via a spray method).
Experimental Setup
A custom designed wind tunnel is used to generate plumes of VOCs. Our novel MOX sensors are installed inside a robust enclosure, which uses a pump to sample gas from the environment. The
results from the MOX sensors inside the portable system are presented, which aim to target the typical VOCs found in hazardous environments (e.g. NO2, CO etc.). To enable safe laboratory testing, the very hazardous VOCs are replaced with compounds that can safely be exposed using a standard fume cupboard (e.g. ethanol, acetone or 2-propanol). From preliminary experiments, 2-propanol was selected, as all three MOX sensors demonstrated a level of sensitivity to this VOC.
Wind Tunnel
To safely generate plumes of VOCs, a wind tunnel was designed to operate inside a fume cupboard 
Sensor Module
The sensor module was designed to be installed on a mobile robot for investigating hazardous environments. The module is designed to detected hazardous gases for rescuers, i.e. gases that are toxic if inhaled and gases that are potentially explosive. Table 1 As stated in table 1, in this work, three different sensor coatings are used, PdPt SnO2, WO3 and NiO.
The sensors are operated at a constant temperature (~300°C) during these measurements, configured using inbuilt CMOS micro hotplates (power consumption < 0.1 W). As MOX sensors typically operate at temperatures above 100°C but below 500°C [13] , initial trials were performed with the sensors operated between 100 and 450°C. An operating temperature of 300°C was selected for all the devices (based on the same AMS micro-hotplate) to provide the optimum balance between lifetime (reduced at higher temperatures) and sensitivity (increased at lower temperatures). Faster response times were
also found at higher temperatures, desired for operation in an environment with rapid changes in gas concentration.
Response data from the gas sensors are recorded on either a computer or on the mobile robot (i.e. using the Robot Operating System, Indigo distribution). During these wind tunnel experiments, a National Instruments LabVIEW (2016) interface was used. The sensor module is connected to the data logging interface via a micro-USB connection. A microcontroller (Teensy 3.6, PJRC) is used to convert the analogue sensor data into a digital signal. Data are logged at a rate of 10 Hz (data can be stored on an internal microSD card if required, at a rate of 100 Hz).
To ensure the module is resilient to the harsh conditions experienced in a disaster environment, the internal components are housed in a steel enclosure (100 mm × 100 mm × 100 mm). A photograph of the module and the enclosure are shown in Fig. 6 (including the internal circuitry). A two stack PCB design was chosen, where the sensor components (operating at 3.3 V) are located on the upper board, while the bulky components (e.g. valves, pump and flow sensor) are located on the lower board (operating at 5.0 V).
Three valves are used in the module (M-Series, Gems Sensors), operating at 5 V (power consumption 0.5 W per valve). Two (NC variants) are used to isolate the unit, when high temperature air is sampled (> 75°C) and a single multi-purpose valve (2 to 1) is used to switch between two gas sampling inlets (connected to the unit via PTFE tubing). When the unit is mounted on the robot, one inlet is located at close to ground level (~0.1 m from the floor) and one is located at a physically high positon on the robot (~ 1 m above ground level). This allows the unit to sample gases that are of lower and higher density than air. When inside the wind tunnel, the curvature of the tunnel roof prevents the use of a sampling inlet at a constant raised elevation, thus gas is sampled at ~0.1 m above the floor of the tunnel for all measurements.
The steel enclosure protects the internal components from the harsh environment, but it also prevents the sensor module from sampling gas directly (i.e. passive sampling is not possible). A pump A section of the sensor chamber is dedicated to filtering the sampled inlet gas, prior to exposing the sensors to the potentially corrosive gas. The filtering section was designed to remove soot particles and other matter from the inlet gas, to prevent damage to the sensing layers.
Software Interfaces
A software interface was developed to control the speed of the flow in the wind tunnel. During these experiments, to mimic the wind speed experienced by the mobile robot travelling around a location, pulse width modulation (PWM) control was used to reduce the speed of the air inlet fan (from the maximum of 2000 to 1200 rpm). The microcontroller used to adjust the PWM rate was configured to accept serial inputs from a computer and change the speed of the fan accordingly. A LabVIEW interface was written to enable the speed to be adjusted in a user-accessible manner.
Sensor data were acquired using a separate LabVIEW interface with the integrated microcontroller in the sensor module. The interface was designed to display the following data in real-time: MOX sensor response and heater temperature (in terms of voltage for the 3 MOX sensors); NDIR detector response and emitter temperature (raw voltage displayed); sample air temperature (°C), pressure (bar) and humidity (% RH) and the flow rate (SCCM) through the unit. The program allowed for the data to be logged to a NI data file (*.tdms) for analysis.
VOC Experiment Methodology
Two methods of exposing the sensor module to VOCs were used, either using the head-space of a container of liquid VOC or by spraying the VOC directly into the tunnel. For each method, measurements are taken at each of the 9 locations marked in the tunnel (randomised order). For the first method, the VOC source is located close to the fan inlet to the tunnel, as shown in Fig. 3 . A sparger is used to propagate the VOC into the headspace of a container. The air and VOC mixture from the headspace of the container is drawn into the wind tunnel via the inlet fan. A compressed air supply ) and assuming atmospheric pressure at 21°C, a single spray injects a 1.9 ppm plume of 2-propanol into the tunnel.
For both methods, the unit is placed at the centre of each of the grid squares in the tunnel. The inlet nozzle is pointed towards the end of the tunnel (towards the wall of the tunnel in which the fan is mounted). The unit is manually moved between locations after each test cycle.
Results and Discussion
In this section, the stability and repeatability of the sensors are investigated, and then the results from the sparger injection method are presented, followed by the results from the spray injection method.
These two methods are separated, as each tests a different aspect of the sensor module (i.e. in terms of response time and the duration of the gas plumes). For comparison purposes, the response from the all the MOX sensors is expressed as a positive value, in terms of resistance change (∆R). Raw measurement data shows the sensors coated with n-type materials (MOX1 and MOX2) respond with a decrease in measured resistance (to the presence of the VOC), while the sensor coated with a p-type material (MOX3) responds with a positive increase in resistance. In this work, the change of resistance
(ΔR) is calculated as the change in resistance compared to the average zero gas value recorded during the experiment. Its sign (+/-) changes with gas type (reducing and oxidising) as well as MOX type (ntype or p-type).
To investigate the repeatability of the sensor module, the sensors were first trialled in three separate experiments over a period of 3 weeks. At each measurement trial the module was placed at positions B2 and then C3. The average response from each sensor was taken to the injection of 2-propanol (introduced using the head-space method). Additionally, the average baseline was taken from each trial. Fig. 7 shows the repeatability of the sensor responses, (a) and (b) for positions B2 and C3, respectively, and baseline variance (c).
The sensors demonstrate excellent repeatability, considering the large variance of the plumes expected in a wind tunnel scenario. MOX1 and MOX2 sensors demonstrate a worst-case repeatability of <5%, across the measurements at the three trials. The sensors are annealed and stabilised prior to being installed in the module, contributing to the high stability recorded in the wind tunnel experiments. Over the measurements shown, baseline drifts of 6.5 % and 2.5 % were recorded for MOX1 and MOX2, respectively. MOX 3 was installed in the unit, using a novel film coating (NiO). The development of this coating has not reached the mature level of the coatings used on the MOX1 and MOX2 devices. As such, a lower level of repeatability was observed and greater level of baseline drift was present.
Head-space VOC Plume Injection Method
The headspace was sampled from a container of 2-propanol and drawn into the wind tunnel through the inlet fan. The average speed in the wind tunnel across the measurements was 1.25 m/s. As detailed in the experiment methodology, each position inside the tunnel was tested in a random order (3 repetitions). Response data from one repetition are shown in Fig. 8 , when the unit was located at position B2.
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Sensor response data observed on a gas rig would ideally demonstrate a step response change to the presence of a VOC, with a stable output value after the response time of the sensor is reached. In these wind tunnel experiments, the enlarged plot inset Fig. 8 , demonstrates the fluctuating sensor outputs (MOX1 is shown). This variation is caused by the formation of plumes, which cause patches of the VOC inside the wind tunnel. The response of the MOX sensors at different locations inside the wind tunnel is shown in Fig. 9 (mean values across a 60 s period, for three repetitions). Error bars are used to indicate the standard deviation during this period. Approximate timing of 60 s period shown in Fig. 8 .
MOX1 demonstrates a greater response to the 2-propanol plumes, compared to the MOX2 and MOX3
devices, and also the highest variability. A colour map is shown in Fig. 10 , showing the concentration of the plumes across the length and width of the tunnel recorded from MOX1.
The colour map shows the higher plume concentration is found nearer the source of the VOC. The responses are taken after the module has been exposed to the VOC for a ~180 s period (thus allowing time for mixing and distribution within the tunnel). Lower concentrations were observed in the centre location B2 and C2, which indicate the higher dispersion rate in the centre of the tunnel in the direct air-flow from the fan. The highest concentration is observed at A2, closest to the 2-propanol source.
The fluctuations visible in the sensor outputs add complexity to plume tracking algorithms, where the higher concentrations can be observed at further distances from the source.
Spray Injection Sampling Method
In this method, plumes of 2-propanol were created using a spray injection system. Data were recorded for each of the 9 positions, again in a random order (and 3 repetitions). The average wind speed recorded in the centre of the tunnel was 1.36 m/s across the measurement periods. A set of data for each position consisted of sensor responses recorded over a 4 min period; 1 min allowed for a baseline reading to be taken, the spray was injected into the tunnel (2 sprays, approx. 1 s total period), followed
by a 3 min period to analyse the response of the sensor. The two sprays inject a 2.4 ppm pulse (total) of 2-propanol was injected into the tunnel for each measurement.
The response data from the three MOX sensors for position B2 is presented in Fig. 11 , from one repetition (data filtered using a median filter, width 0. to allow the sensor response performance to be compared.
The baseline resistances of the three MOX sensors were recorded as 2.62 MΩ, 143 kΩ and 565 kΩ, respectively. The SnO2 coated sensor (MOX1) produces a large response to the gas, demonstrating a 62% decrease in resistance, compared to a 13% decrease and 2% increase for MOX2 and MOX3, respectively. SnO2 based sensors are commercially used for the detection of alcohol, where the PdPt doped coating on our novel sensor retains the high sensitivity to such compounds, but with the advantages of increased stability and improved long-term performance (over a period of months).
Data were collected from the 9 positions inside the wind tunnel, and the peak change in resistance extracted for each MOX sensor (defined as the median of the three peak resistances recorded). The average change in resistance R are shown in Fig. 12 .
Position A2 produces a higher (a factor of ~1.5 greater) response, notably for all 3 sensors. This position is located centrally, and nearest to the VOC injection port. Thus it is exposed to a far greater concentration of the VOC. However, the other positions located in the centre of the tunnel (B2 and C2) demonstrate lower responses, compared to the positions in the sides of the tunnel (i.e. B1, B3 and C1, C3, respectively). Also, sensors located furthest from the inlet fan show a higher response to the VOC. This phenomenon can be displayed on a colour map, as shown in Fig. 13 (data taken from MOX 1).
To investigate the sensor responses over the length of the tunnel, the width of the sensor response pulse was taken from each of the MOX sensors. The average value (from 3 repetitions) was taken, with the pulse width defined as the duration of the pulse from 50% value (between baseline and maximum peak response) until the sensor response returns to 50% value (between maximum peak response and final value at the end of the experiment). A summary of the data from all 3 devices is shown in Fig. 14 .
Normalised resistance is used to express the response of the gas sensors, relative to the initial baseline resistance, to allow the response magnitudes rather than signs to be compared. As the VOC mixes with the air inside the tunnel, there are patches of high and low concentrations, which are not observable using MOX sensors (response time too low for the given size of the wind
tunnel in this work). The gas in the positions closest to the exhaust end of the tunnel contains a wellmixed combination of VOC and air. This consistent, but lower, concentration produces a higher response from the MOX sensors (i.e. the sensors have a similar effect to a low-pass filter, where short but high magnitude peaks in concentration are attenuated).
Plumes Outside of Wind Tunnel
The response of the sensor module to plumes of 2-propanol was verified in a real-world environment, outside of the laboratory wind tunnel, during a preliminary test prior to testing the module on the mobile robot. A 2-propanol source (sparger configuration) was placed a distance of 0.7 m from the module gas sampling inlet. The module was exposed to the gas plumes for a period of 350 s. The levels of VOC present were also measured using a commercial PID (ppbRAE 3000, RAE Systems). Fig. 15 shows the results from the MOX1 and MOX2 sensors, compared to the commercial device (MOX3 was not available during these measurements).
The high level of variance shown in the sensor outputs (i.e. MOX1 decreases in resistance up to 50%
relative to baseline) demonstrate the formation of VOC plumes. During these measurements, the rate of 2-propnaol generation and distance to the source were kept constant (no external wind source was used). The plumes are confirmed by the PID output, with a variance recorded from ~ 2 to 15 ppm.
These plumes follow a similar unpredictable nature, observed in the wind tunnel testing. When the module is used to localise VOC sources on the mobile robot, data will need to be analysed considering longer periods of time (e.g. >10 s, compared to instantaneous snapshots) to counter the fluctuating nature of the gas plumes. The module is suitable for use on a mobile robot, although the unavoidable fluctuating nature of gas plumes necessitates careful sampling methodology. Instantaneous snapshots of sensor data are not sufficient to create an accurate gas map of an area (nor locate a VOC source).
Samples over a longer period (e.g. >10 s) are required to counter the response variability introduced by the fluctuating VOC concentrations found in a gas plume.
Conclusions
In this work we investigate the formation of gas plumes in both a custom laboratory wind tunnel (base size 0.8 m length by 0.5 m width) and a real-world environment. In the literature, sensors are usually characterised using data from gas rigs, which produce controlled, step changes in gas mixtures. In the real world, for the application of mobile robot exploration, gas sources (for example containers of liquid VOCs) do not emit steady concentrations, instead plumes are developed, which create regions of high and low concentrations in the environment. Short pulses of VOC were created using a spray injection method, which can only be detected using high-bandwidth sensors. Low ppm plumes were detected using all three MOX sensors; the SnO2 device produced a greater response (~60% decrease in resistance relative to baseline), compared to the WO3
and NiO devices (~15% decrease and ~5% increase, respectively). Contrary to the head-space sampling results, higher sensor responses were observed furthest from the source, where pulse broadening effected the sensor outputs. The short pulse injected near the entrance to the tunnel broadened and
mixed with the air inside the tunnel, as it travelled the length of the apparatus. The length of the initial pulse (1 s) is shorter than the response time of the MOX sensors (< 10 s), which then act as low-pass filters (high frequency peaks are attenuated). This effect was confirmed by observing the length of the pulses recorded from the sensor output, which had ~10% longer duration near the exhaust of the tunnel. It is likely this effect will be greater in a real-world scenario, with greater distances from the source compared to the wind tunnel length. A preliminary experiment was conducted to test the sensor module outside of the laboratory, in a real-world environment. Plumes of VOC were observed (large fluctuations in sensor response), confirmed using a commercial PID. To meet the main goal of tracking VOC locations in disaster environments, an algorithm must be developed to account for the unpredictable nature of gas plumes. Improvements to sensor response time are currently considered, through inverse filtering or thermal modulation, to aid the detection of short pulses of VOCs. We believe that this work will enable the gas sensor module to be easily integrated on a mobile robot and used by firefighters to map out hazardous environments in disaster situations.
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